OBJECTIVE: To evaluate proton magnetic resonance spectroscopy (MRS) as a tool for the non-invasive assessment of murine body composition. DESIGN: Twenty C57aBL6 male mice with a wide range of body adiposities underwent both pre-and post-mortem whole-body MRS to assess body composition. MRS measures were compared to the results obtained by chemical carcass analysis, the current`gold standard' for determination of body composition. MEASUREMENTS: Areas under the curve (AUC) for lipid and water peaks of whole body MRS spectra (AUC lipid and AUC H2O , respectively) were used to determine percentages of body fat (%FAT MRS ) and fat free mass by MRS (%FFM MRS ). Total body fat, total body water, fat free mass, and total lean mass were determined by chloroformamethanol extraction of lipid from dessicated whole carcass and compared to MRS measures (%FAT MRS , %FFM MRS , AUC lipid , and AUC H2O ). The variability of the MRS technique was assessed by determining the coef®cients of variation (COV) associated with %FAT MRS , AUC lipid , and AUC H2O for mice of three different adiposities. RESULTS: %FAT MRS in live mice was highly correlated with body fat percentage (r 0.994, P`0.001) and total body fat (r 0.980, P`0.001) derived from chemical carcass analysis over a broad range of adiposities (7 ± 48% body fat content by carcass analysis). There was no difference in %FAT MRS measured pre-vs post-mortem (r 1.00, P`0.001). AUC lipid was highly correlated with chemically derived total fat mass (r 0.996, P`0.001) and body fat percentage (r 0.981, P`0.001), while %FFM MRS was strongly correlated to chemical determinations of percentage body water (r 0.994, P`0.001), percentage fat free mass (r 0.993, P`0.001), and percentage lean mass (r 0.792, P`0.001). AUC H2O was strongly associated with carcass analysis determinations of total body water (r 0.964, P`0.001), total fat free mass (r 0.953, P`0.001), and total lean mass (r 0.89, P`0.001). In mice of 6%, 12%, and 43% body fat, COVs determined for %FAT MRS and AUC lipid were less than 10%. The COVs for AUC H2O were less than 2%. CONCLUSIONS: MRS provides precise, accurate, rapid, and non-invasive measures of body fat, body water, fat free mass, and lean mass in living mice with a broad range of adiposities.
Introduction
Genetic studies in mice have yielded major insights into the pathogenesis of obesity. 1 ± 6 Recent reports that human obesity can result from mutations of genes originally discovered and studied in mice 7 ± 10 emphasize the increasingly important role that murine models have played in the study of energy homeostasis. An ongoing limitation to the study of these models, however, has been the inability to obtain quantitative information in vivo regarding body composition. Surrogate measures of body fat content, such as body weight or the ratio of weight to body length, do not provide accurate measures of body adiposity in mice, 11 while those that do (e.g. fat pad dissection or chemical carcass analysis) can only be performed post-mortem. This precludes the analysis of longitudinal changes in body adiposity or the effects of experimental interventions within individual animals, thereby decreasing statistical power. Furthermore, post-mortem techniques are labor-intensive, destroy valuable rodent resources, and expose laboratory personnel to potentially toxic solvents. Although non-invasive methods (e.g. DEXA and quantitative CT or MRI) have been used to assess body composition in rats, 12 ± 14 these methods have not been studied in mice. These considerations provide a compelling rationale for developing a non-invasive method to assess murine body composition.
Whole-body proton magnetic resonance spectroscopy (MRS) exploits the differential behavior of protons associated with lipid versus water when placed in a magnetic ®eld, 15, 16 thereby yielding discrete peaks of proton resonance frequency that correspond to body lipid and body water. 17, 18 Although MRS has recently been employed to provide an index of relative adiposity in rats in vivo, 19 the technique has not been validated for mice. We therefore sought to validate MRS as a non-invasive method for body composition analysis in mice by comparing MRS derived measures to data obtained by postmortem chemical carcass analysis.
Materials and methods

Animals
Male C57BLa6 mice (n 20) of various ages (mean 153AE 15 d; range 44 ± 272 d) and body weights (mean 34.9AE 2.3 g; range 17.7 ± 50.3 g) were acquired from breeding colonies at the University of Washington. Five of these mice bore targeted mutations of both the neuropeptide Y5 (NPY5) receptor and the melanocortin 4 (MC4) receptor, a combination that causes marked obesity, 1, 3 (graciously provided by Dr Richard Palmiter at the University of Washington). All animals had ad libitum access to water and were fed a high-fat diet (Bioserve, No. F1850 Frenchtown, NJ) which contains 35.5% fat (58% of calories, primarily lard) and 36.6% carbohydrate (primarily sucrose). Mice were housed and maintained on a 12 h lightadark cycle, at a constant temperature (20 ± 21 C) and humidity (30 ± 40%) and all procedures were in accordance with guidelines of the University of Washington Animal Care Committee.
Magnetic resonance spectroscopy
Under general anesthesia (Ketamine (100 mgakg)axylazine (6 mgakg), intraperitoneally), each mouse was lightly secured within a custom-made eight-element, linear bird cage radiofrequency coil used for both transmitting and receiving the resonant proton signal at 200.1 MHz. The coil was centered within a 4.7 T magnet (BrukeraGE Omega CSI-II, Fremont, CA) and the GE Omega (version 6.0.2, Fremont, CA) shimming algorithm was used to correct for magnetic ®eld inhomogeneities. Particular care was taken to center the mouse within the coil and to place the coil at exactly the same longitudinal and rotational position for each reading. Single free induction decay spectra (30 kHz sweep width, 512 point digitization, 3 s predelay prior to a 100 ms 90 pulse) were obtained in triplicate with re-positioning and re-shimming performed prior to each data acquisition. Temperature within the coil was maintained at 20 C.
Data acquisition
Areas under the curve (AUC) for individual spectral peaks were obtained using line integrals (GE Omega version 6.0.2, Fremont, CA). The water peak was referenced to 4.7 parts per million (ppm) (a relative measure of the chemical shift of proton absorbance used to identify spectral peaks independent of magnetic ®eld strength) versus an external tetramethylsilane absorbance. Fixed integral regions were chosen to minimize subjectivity in AUC determinations ( Figure 1 ). The AUC for the water peak (AUC H2O ) was determined for regions between 8.0 ppm (high frequency cutoff) and the relative minimum transformed signal between the water and lipid peak (low frequency cutoff). The AUC for the lipid (AUC lipid ) was demarcated by the same relative minimum value between peaks (which now represents the high frequency cutoff) andÀ1.5 ppm (the second low frequency cutoff). The integral region for AUC lipid optimally incorporated the lipid peak for even the most obese mice, while the integral region for AUC H2O optimally incorporated the water peak for all of the mice.
Calculation of %FAT MRS and %FFM MRS
To calculate body fat percentage as measured by MRS (%FAT MRS ), MRS measures of total body lipid, total Figure 1 A representative in vivo murine whole body proton magnetic resonance spectroscopy (MRS) spectrum. Areas under the curve (AUC) were de®ned as AUC H2O the area under the curve from 8 ppm cutoff to the relative minimum cutoff and AUC Lipid the area under the curve from the relative minimum cutoff to the À1.5 ppm cutoff. The proton chemical shift is a normalized (relative to tetramethylsilane) numerical representation of differences in proton behavior, based on their local environment, and is typically expressed as parts per million (ppm). Expressing proton behavior in terms of chemical shift allows for comparison of spectra independent of incident magnetic ®eld strength.
MRS and murine body composition analysis P Mystkowski et al body water (TBW), and fat free mass (FFM) were employed. To obtain these measures, we tested the hypothesis that AUC lipid and AUC H2O were proportional to total body fat and total body water, respectively. FFM ( total body massÀtotal fat mass) was determined to be proportional to AUC H2O by the following analysis. FFM is observed to be related to total body water (TBW) by a ®xed ratio. 
Carcass analysis
Whole mice were weighed to the nearest 0.001 g, then dessicated in 50 ml beakers at 65 C to a constant weight (i.e. to body weight change`0.01 g over 24 h) and re-weighed, with the difference in weights representing total body water. Percentage body water was calculated as 100Â(total body waterapre-dessicated weight of mouse). Lipid remaining on the beaker after dessication was weighed and subsequent total lipid determinations were corrected to include this residual. Triplicate 1 g aliquots of dessicated, homogenized carcass were extracted with 40 volumes of 2:1 chloroform:methanol. 13 The total chloroform ± methanol extract was dried completely to remove all of the organic solvent, with the weight of the residue representing the total lipid in the aliquot. After calculating the wet weights for the individual aliquots (wet weight dessicated weight of aliquota(1Àfractional body water of whole mouse)), chemically derived body fat percentage (%FAT carcass ) was calculated as the mean value of (total lipid per aliquotacalculated wet weight of aliquot)Â100 for the three aliquots. The mean COV for body fat percentage by carcass analysis was 7.0%. Fat free mass percentage was calculated as %FFM carcass 100À%FAT carcass . Lean mass was calculated as lean mass pre-dessication body weight of the mouseÀ(total body water total body lipid) FFMÀTBW (see above) and percentage lean mass was calculated as %lean mass (total lean massapre-dessication body weight)Â100.
Statistics
Univariate linear regression analysis, paired sample t-tests, and Pearson correlation coef®cients were performed using SigmaStat (Jandel Scienti®c, version 2.0, San Rafael, CA). Coef®cients of variation (COV) were determined by performing six triplicate measures of %FAT MRS for a single mouse (with repositioning and re-shimming prior to each measure) and calculating the COV for each triplicate (COV trip ). This result was squared, the average of (COV trip ) 2 was calculated for the six sets, and the square root of this result represented the ®nal COV. 21 The null hypothesis of no signi®cant difference between groups was rejected at P`0.05.
Results
Representative whole body spectra of mice of varying adiposity are shown in Figure 2 . The individual peaks at 4.7 ppm and 1.2 ppm represent the MRS signal of protons associated with water and lipid, respectively. Note the increasing size of the lipid peak, as compared to the water peak, with increasing adiposity, suggesting a strong relationship between the relative sizes of the peaks and percent body fat content. Consistent with this hypothesis, %FAT MRS determined in live mice was highly correlated to %FAT carcass and this relationship was linear over a broad range of adiposities (R 0.994, slope of regression line 1.01, P`0.001) (Figure 3a) . Table 1 summarizes the correlation of other MRS measures with chemically derived body composition parameters. MRS measures were identi®ed that correlated highly (r b 0.95, P`0.001) with carcass analysis measurements of percentage body fat (Figure 3a) , total body fat (Figure 3b ), percentage fat free mass (Figure 3c ), total fat free mass, percentage body water, and total Figure 2 Proton MRS spectra of different mice with varying degrees of body adiposity as determined by carcass analysis. Note the relative increase in size of the lipid peak (the most rightward peak) with increasing body adiposity. (Figure 3d ). Lesser correlation coef®cients were obtained for the association between MRS-and carcass analysis-derived measurements of lean mass, although these remained highly statistically signi®-cant. To investigate if MRS measurements made in vivo are affected by motion artifact, we performed MRS on each animal before and after euthanasia. The correlation between %FAT MRS determined in live mice and in mice studied post-mortem was r 1.00, with a slope of regression 1.0 (P`0.001).
MRS and murine body composition analysis
To assess the reproducibility of the MRS method, coef®cients of variation (COVs) for %FAT MRS , AUC H2O , and AUC lipid were calculated for mice of varying body fat percentage (6%, 12%, and 43%, as determined by carcass analysis) (Figure 4) . While all of the COVs were less than 10%, the COVs of %FAT MRS and AUC lipid decreased with increasing body adiposity (Pearson correlation coef®cient À0.80, P 0.41, and À0.83, P 0.38, respectively), although these differences were not statistically signi®cant. In addition, while the COV of AUC H2O increased with increasing body adiposity (Pearson correlation coef®cient 0.996, P 0.06), this trend did not achieve statistical signi®cance.
Discussion
Mouse models have provided extraordinary new insights into the mechanisms involved in the pathophysiology of body weight regulation. 1 ± 6 Quantitative assessment of the phenotype of these animals, however, has been limited by the inability to obtain precise measures of body composition without resorting to post-mortem techniques. Here we report the validation of an MRS technique for quantitation of murine body composition in vivo. MRS measures of body fat content, TBW, and FFM were highly corre- 
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%FAT carcass compares favorably to that reported for murine fat pad dissection (r values ranging from 0.87 ± 0.97), 11 with the added advantages that MRS requires less than 15 min per mouse to perform and does not necessitate sacri®cing the animal. The virtually identical MRS values obtained pre-and postmortem demonstrate that MRS measures of body composition are not adversely affected by studying living animals. Thus, MRS provides precise, accurate, rapid, and non-invasive measures of body fat mass, FFM, and water content in living mice. Not surprisingly, total body measures of water content, lean body mass, and fat mass tended to correlate best with MRS-derived absolute AUC measurements, while percentage body composition parameters correlated best with percentage MRS measures ( Table 1 ). The precision of MRS, as measured by the COVs for %FAT MRS , AUC H2O , and AUC lipid , was comparable to, or better than, values published for rats using MRI (mean COV 4.3%, range of COV 0.03 ± 12.3%) or DEXA (mean COV 4.7%, range 1.3 ± 12.3%) 12 ± 14 to assess body adiposity. Although the resolution of CTaMRI methods should be suf®cient to obtain body composition measures, reports validating the use of MRI or CT methods in mice are yet to be published and these methods require labor intensive manual data quanti®cation post acquisition. A recent abstract suggests that improvements in DEXA methodology may enable its use for murine body composition analysis, 22 although this has yet to be formally published.
Several additional considerations can in¯uence the applicability of MRS for murine body composition assessment. Although MRS provides useful measures of lean body mass in mice, they are somewhat less accurate than those of fat mass, FFM, or TBW (see Table 1 ). This likely re¯ects the dependence of MRSbased lean mass estimates on body water content. Thus, unlike the other measures of body composition, lean mass is estimated indirectly, which increases the error intrinsic in its measurement. Consequently, experimental interventions that affect the relationship between lean mass and water content may in¯uence the accuracy of lean mass measures made by MRS. In addition, because the relative molar concentration of protons associated with water (110M) far exceeds that of protons associated with protein, body protein content cannot be assessed by proton MRS. Similarly, protons associated with the molecular constituents of protein or bone have restricted mobility due to their larger size and more rigid structural characteristics. This leads to a more rapid decay of their MRS signal and, hence, broad proton peaks that are dif®cult to quantify. In spite of these considerations, however, the correlations with carcass analysis remain high and linear for most MRS measures.
Technical considerations also in¯uence the applicability of the MRS technique. The ®rst of these is the requirement for specialized and expensive equipment that is not uniformly available to investigators. Most clinical MRI machines use a 1.5 T magnet, rather than our 4.7 T machine, which may be inadequate to resolve the aqueous and lipid peaks for quantitative purposes. In addition, animals cannot be analyzed using the MRS technique while bearing ferromagnetic material, such as metallic ear tags, implanted cannulae, or osmotic mini-pumps. To circumvent this issue, MRS and murine body composition analysis P Mystkowski et al procedures involving the insertion or removal of ferromagnetic material under general anesthesia can be performed at the same time as the MRS procedure. Furthermore, although the MRS machine itself causes no harm to the animals, procedures required for the acquisition of MRS measures (eg transportation to the MRS facility and induction of general anesthesia) potentially affect food intake. As a result, repeated MRS measures may affect body composition independently of the effect of speci®c experimental interventions. This consideration emphasizes the need for a time interval between MRS data acquisition procedures that is suf®cient for full recovery.
In conclusion, our results demonstrate that the MRS technique provides investigators with a simple method for the precise, accurate, rapid, and non-invasive quantitation of murine body composition in vivo. We anticipate that MRS will provide substantial bene®ts in terms of cost, safety, minimizing the destruction of valuable rodent resources, and statistical power for longitudinal studies.
